Norovirus outbreaks occur frequently in Denmark and it can be difficult to establish whether apparently independent outbreaks have the same origin. Here we report on six outbreaks linked to frozen raspberries, investigated separately over a period of 3 months. Norovirus from stools were sequence-typed; including extended sequencing of 1138 bp encompassing the hypervariable P2 region of the capsid gene. Norovirus was detected in 27 stool samples. Genotyping showed genotype GI.Pb_GI.6 (polymerase/capsid) with 100% identical sequences. Samples from five outbreaks were furthermore identical over the variable capsid P2 region. In one outbreak at a hospital canteen, frozen raspberries was associated with illness by cohort investigation (relative risk 6·1, 95% confidence interval 3·2-11). Bags of raspberries suspected to be the source were positive for genogroup I and II noroviruses, one typable virus was genotype GI.6 (capsid). These molecular investigations showed that the apparently independent outbreaks were the result of one contamination event of frozen raspberries. The contaminated raspberries originated from a single producer in Serbia and were originally not considered to belong to the same batch. The outbreaks led to consultations and mutual visits between producers, investigators and authorities. Further, Danish legislation was changed to make heat-treatment of frozen raspberries compulsory in professional catering establishments.
INTRODUCTION
Norovirus is a highly infectious non-enveloped RNA virus, which is a frequent cause of gastroenteritis.
It accounts for a large proportion of foodborne outbreaks in the European Union (EU) [1] , including in Denmark, where norovirus for several years has been the major causative agent of registered foodborne outbreaks [2] . In Denmark, and indeed most Western countries, sporadic infections are rarely diagnosed and no laboratory surveillance for the disease exists. Thus, outbreaks are primarily discovered by the occurrence of an excess number of symptomatic persons, often in a closed setting (hotel, hospital, restaurant, etc.). Microbiological analysis of stools is generally only performed in situations where an outbreak is suspected.
In Denmark, the majority of foodborne norovirus outbreaks occur because food is contaminated when handled in catering kitchens by infected food handlers [3] . However, foods contaminated at the source of production may also cause outbreaks such as observed with oysters [4] , lettuce [5] and frozen raspberries [6] . Frozen raspberries were recognized as the source of norovirus outbreaks for the first time in Denmark in 2005 when a batch of imported frozen raspberries from Poland caused more than 1000 cases in five separate outbreaks in institutions and customers of catering companies [6] . In recent years, frozen raspberries have been established as a well-known source of norovirus illness internationally [7] [8] [9] [10] [11] [12] . In 2011, 525 calicivirus outbreaks were reported in the EU as a whole and where a food vehicle was found, 17% were caused by 'fruit, berries and juices' [1] . Far less frequently, other types of berries have also been found as sources of norovirus outbreaks; a somewhat spectacular example being a very large outbreak in German school pupils caused by imported frozen strawberries [13] . A recently published expert opinion from the European Food Safety Authority highlighted the subject of frozen berries in connection with the risk of norovirus infections [14] .
Batches of contaminated frozen raspberries or other red berries are often large (tonnes), packed in smaller bags, widely distributed and typically have a shelf life of around 2 years. They therefore have the potential to cause repeated outbreaks over extended time periods and to cause a considerable disease burden. It is thus important that series of outbreaks caused by contaminated frozen raspberries are identified and linked in order to withdraw the incriminated batches from the market. This, however, is only possible if trace-back can be performed in a timely manner and when epidemiological investigations of norovirus outbreaks are fully conclusive. In situations where the former is not feasible, sequence analysis of viral genomic elements may provide the evidence needed to determine whether separate outbreaks have the same origin.
From October 2010 to January 2011, a series of norovirus outbreaks occurred in Denmark. Through epidemiological investigations and viral sequence analysis, these outbreaks were linked to consumption of frozen raspberries. Characterization of isolates from outbreak cases indicated that they were identical and this was further corroborated by development of a method involving sequencing of a 1 kb genetically variable part of the viral genome. In this way seemingly distinct batches of frozen raspberries were shown in fact to be part of the same large batch. Here we describe these outbreaks, their investigation, present the molecular method that was developed and discuss the public health implications of the investigations.
METHODS

Microbiological investigations
Stool samples submitted to Statens Serum Institut (SSI) for virological analysis were analysed for norovirus, sapovirus, rotavirus, adenovirus and astrovirus by real-time polymerase chain reaction (PCR) as described elsewhere [15, 16] . Samples positive for norovirus were genotyped by reverse transcriptase (RT)-PCR and sequence analysis of partial capsid and/or polymerase genes [15, 16] .
A PCR was developed to amplify a longer region (1138 bp) of the capsid gene, including the variable P2 region [17] . The specific primers used were GI. For detecting norovirus in raspberries, berries that originated from the implicated batches were collected at the outbreak setting and/or from the supplier and analysed. From each raspberry bag, viral RNA was extracted from 2-4 25-g portions of raspberries and tested by TaqMan realtime RT-PCR for the presence of GI and GII noroviruses. Recovery, extraction and detection of viral RNA was performed according to the newly developed Technical Specification, ISO TS 15216 [18] , using minor modifications [19] . In short, virus was eluted from the berries during agitation with alkaline buffer, separated by low-speed centrifugation, precipitated from the resulting supernatant, first treated with pectinase, using polyethylene glycol and pelleted by low-speed centrifugation. The PBS suspended pellet was clarified by chloroformbutanol extraction followed by centrifugation and the resulting virus containing water phase was treated with Plant RNA Isolation Aid. Nucleic acid extraction was conducted using the NucliSENS ® magnetic extraction reagents and miniMag platform (bioMérieux, Denmark) according to the manufacturer's instructions, except for scaling up the use of lysis buffer and magnetic beads (bioMérieux). Appropriate quality controls were applied and checked for performances [18] ; during detection of norovirus GI and GII, RNA transcripts of GI.3b and GII.1 [20] served as positive RT-PCR controls (5-50 genome copies) and inhibition controls (10 2 -10 3 genome copies) and nucleic acid-free water as non-template control. For genotype characterization, part of the norovirus GI and GII capsid region was amplified by single and nested conventional RT-PCR [21, 22] and visible amplicons of expected size for norovirus GI (381 bp) were purified using GFX columns (Amersham Biosciences, Denmark) and sequenced by the Sanger method in both directions using the primers for the single PCR at Macrogen (Macrogen Inc., Korea). Sequences were then aligned with those obtained from human samples.
Epidemiological investigations
The outbreaks were all point-source outbreaks and investigated separately, as there was no initial suspicion of links between the outbreaks. In all outbreaks, a case was defined as a person belonging to the relevant cohort and suffering from vomiting or diarrhoea (53 loose stools within 24 h) within 4 days of the time of suspected exposure. The local Food Control Offices inspected kitchens, took samples from relevant foods for analysis and made inquiries about kitchen practices, origin of foods used and relevant self-check procedures.
For three larger outbreaks (nos. 1-3) cohort investigations were performed on the persons eating in the canteens/restaurants. For these individuals, paper questionnaires were distributed including questions about symptoms, time of onset and consumed items from a menu list. Data were entered using EpiData (EpiData.dk) or Epi Info7 (CDC, USA) and canteen use and food specific attack rates calculated using Stata v. 12 (Statacorp, USA). The Danish Veterinary and Food Administration undertook trace-back of the raspberries and recall of products and sent notifications through the EU Rapid Alert System for Food and Feed (RASSF). In Denmark, foodborne outbreaks are registered in the national Database for Food-and Waterborne Outbreaks [2] . Data on outbreaks in 2010 and 2011 where norovirus was indicated as the aetiological agent, based on microbiological analysis or the Kaplan criteria [23] , were extracted from this database.
RESULTS
During 2010-2011, a total of 93 norovirus outbreaks were reported and investigated in Denmark (Fig. 1) . Based on genotyping, six of these outbreaks occurring in the period between 14 October 2010 and 25 January 2011 could be linked (Fig. 2) . Additionally, two further small outbreaks occurring in September 2011 were later also linked to this cluster of outbreaks (see Fig. 1 ).
Microbiological investigations
A total of 52 samples from 28 patients originating from the six linked outbreaks were tested for viruses. All samples tested negative for norovirus GII, sapovirus, adenovirus, astrovirus and rotavirus. Fifty samples, representing 27 patients, were positive for norovirus GI. Norovirus from 17 patients, representing five of the outbreaks, were successfully typed by partial sequencing of the polymerase and/or capsid genes and were all identified as genotype, GI.Pb_GI.6 (polymerase/capsid). In fact, the norovirus capsid and polymerase sequences from these 17 patients were 100% identical.
To further substantiate the genetic relationship, an additional typing procedure was developed and applied, consisting of sequencing of an ∼1 kb area of the capsid gene including the hypervariable domain. Six selected patient samples representing the five first outbreaks were characterized this way and the sequences were found to be 100% identical in all samples, with the exception of a single nucleotide polymorphism in viral sequences from a sample obtained from outbreak 2. An overview of the six outbreaks and the test results is presented in Table 1 .
To put this in perspective; before 2010 genotype GI.Pb_GI.6 was only sporadically observed in genotyped routine samples received at SSI from all over Denmark, but it appeared in two series of outbreaks in 2010 (those described here and outbreaks with imported lettuce as the source [5] ). However, these two series of outbreaks were characterized by distinctly different partial polymerase/capsid sequences: 2·4% (6/251 different nucleotides) and 2·7% (8/298 different nucleotides), respectively, while the difference was 4·6% (46/1000 different nucleotides) for the capsid gene including the P2 region (only one 1-kb area sequence was available from the lettuce outbreak series).
Bags of raspberries obtained from the outbreak settings were examined for the presence of norovirus. Virus was detected both from contents of bags that had been opened (partly used) and from bags that were still sealed. Norovirus of both GI and GII were detected (Table 2) . In one instance, a PCR product could be obtained for sequencing. This was a 305 bp GI capsid gene fragment obtained from outbreak no. 3 which upon sequencing was found to be GI.6 (capsid) with an identical nucleotide sequence compared to the patient samples. 
Epidemiological investigations
Trace-back investigation showed that raspberries from each outbreak originated from Serbia and were delivered by the same producer. The berries were grown in two adjacent areas near the freezing/packing facility ( Table 2) . However, a cake served containing non-heat-treated raspberries was considered as a possible source. The attack rate in those that had consumed cake was 61%; 6/ 9 persons who reported consuming only cake and nothing else from the canteen fell ill; the RR for consuming cake was 1·8 (95% CI 0·4-9). Stool samples from three persons were tested and norovirus detected in all. Raspberries seized from the canteen were sent for analysis and norovirus GII found in an unopened bag of one of the two batches used to make the cakes. Subsequently, on 30 October 2010, all bags of raspberries from the same producer and with the expiry date similar to those seized from the canteen were withdrawn from the Danish market by the Food Authority.
Outbreak 2 occurred 3 weeks later at a conference centre in the city of Aarhus. Approximately 60/200 guests were reportedly ill. Stool samples from four cases were submitted for laboratory analysis and they were all norovirus positive. A cohort study was performed with an emailed questionnaire among 59 guests with known email addresses. The response rate was 36%. No foods were statistically significantly associated with illness. Intake of smoothies made with raw frozen raspberries showed an RR of 2·2 (95% CI 0·7-7). Several bags of raspberries were tested and found to be negative for norovirus. The conclusion from the epidemiological investigation was that the frozen raspberries could not be confirmed as the vehicle of the infections. Nevertheless, as a measure of precaution the raspberries with the relevant expiry date were withdrawn from the market solely on suspicion on 12 November 2010.
Outbreak 3 began on 12 January 2011, when a number of employees at the hospital in the city of Køge fell ill with gastroenteritis. Infection with norovirus seemed likely and suspicion centred on the employees' canteen as the source of the illnesses. Before conclusive evidence of the source had been obtained, the kitchen was temporarily closed for cleaning and disinfection and 22 tonnes of food was discarded. Information on proper hygiene practices was distributed among the employees. No transmission to patients in the hospital was identified. A questionnaire was distributed by email on 13 January to all hospital employees (around 1500 persons) inquiring about use of the canteen on Monday 10 and Tuesday 11 January; 241 questionnaires were returned. Of the 150 persons that reported having used the canteen on the 2 days in question, 65% met the case definition and the RR for use of the canteen was 14·7 (95% CI 5·6-39). Raw raspberries were served as part of a red cabbage salad in the canteen on both days. In an analysis excluding persons not using the canteen, a statistically significant relationship between illness and an individual food item was observed for this salad only. The attack rate in those who had consumed the red cabbage salad on the Monday was 97% (70/72) and the RR for consumption was 6·1 (95% CI 3·2-11). The RR for consumption of the salad on the Tuesday was 2·4 (95% CI 1·3-3·8); the combined RR for consuming salad on either day was 9·1 (95% CI 4·0-21). Norovirus GI was detected in stool samples from 14/15 persons tested. Norovirus GI was furthermore found in raspberries from an open bag and GI and GII also from an unopened bag, both collected from the kitchen. Raspberries with the relevant expiry date were withdrawn from the market on 17 January.
Outbreak 4 occurred during the same week as outbreak 3 in employees in a company in the city of Herlev. About 30 persons fell ill, out of about 120 persons who had used the company canteen. A mousse containing raspberries from the same batch as used in outbreak 3 was served at the company canteen. A cohort study was not performed. Stool samples from two persons were tested and both were found positive for norovirus. Norovirus GI was found in an unopened bag of raspberries collected from the canteen kitchen.
Outbreaks 5 and 6 occurred towards the end of January. Both were small outbreaks and involved consumption of raspberries again originating from the same batch as in outbreaks 3 and 4. The setting of the first outbreak was a café in Copenhagen where five guests from the same group of friends had consumed raspberry smoothies after which they all fell ill. Four patients submitted stool samples for examination and all samples were found positive for norovirus. Norovirus GII was detected in raspberries from unopened bags collected at the café and from bags collected at the supplier. In the second outbreak two kitchen employees at a company canteen fell ill after tasting non-heat-treated raspberries defrosted in the kitchen. These raspberries were never served raw to canteen guests but used as an ingredient in an oven-baked cake. Norovirus GI was detected in raspberries from an open bag collected at the company canteen.
Outbreaks 7 and 8 were two additional outbreaks that occurred in September 2011, at a time when the investigation, including full trace-back, of the abovementioned six outbreaks had been concluded. At this time all raspberries from the incriminated batches had been identified and were believed to have been destroyed. However, in September the exact same viral sequence was again found in patient samples in Denmark on two different occasions. Five positive samples were obtained from five persons in two different unrelated groups of friends that privately had consumed raspberries. This led to a renewed trace-back investigation. In the first of these outbreaks, the raspberries were part of bags with mixed frozen berries (raspberries, strawberries, redcurrants) packaged in Belgium using raw materials from, among other countries, Serbia. In consultation with the Serbian Food Authorities, it was concluded that the raspberries in these mixed bags came from the same original batch of contaminated raspberries as the six previous outbreaks. The second incident was caused by whole frozen raspberries. These were found to originate from one of the same farming areas where the previous batches had been grown but to have been handled by a different packaging establishment within Serbia and thus had escaped the recall.
DISCUSSION
The results of the epidemiological, microbiological and trace-back investigations presented here, showed that the outbreaks were caused by frozen raspberries from the same facility. However, the key to understanding this came from the genetic analyses of viruses linking the outbreaks together. As this report shows, the individual outbreak investigations, performed routinely by regional investigators, provided varying degrees of evidence. Although they generally involved the use of cohort studies, food tracing and stool examinations, the results obtained were influenced by the circumstances of the actual outbreaks. Whereas the large hospital outbreak provided for an investigation with strong evidence, the results of another investigation (outbreak 2) were inconclusive. In our experience, providing firm evidence for a particular food vehicle in norovirus outbreaks is often challenging, highlighting the importance of centrally performed sequence analysis. The investigation also demonstrates how the complexities of trace-back analyses may limit timely intervention. Recalls were done in several stages based on the epidemiological findings of each outbreak. This, however, was clearly not sufficient to prevent further outbreaks. Sufficient evidence to recall all potentially contaminated batches was only obtained after performing a full trace-back analysis. Because norovirus is a single-stranded RNA virus with a high mutation rate resulting in a high variety of virus variants, sequencing and comparative analysis of the capsid and/or P2 regions is often used as a tool in epidemiological investigations of norovirus GI and GII [24, 25] . Norovirus GI.6 (and other GI) sequences from the same outbreak had earlier been reported as 100% identical [26] . We consider it very unlikely to find identical GI.6 sequences unless they are epidemiologically linked. Thus, the combination of supporting epidemiological evidence and additional sequencing of a larger and more variable part of the genome (in comparison to routine norovirus typing purposes) is a strong tool in assessing if different outbreaks share a common source. In the present case, analysis of faecal samples revealed only norovirus GI of the same genotype and with identical RNA sequenceseven in the instances where a large and variable area of more than 1 kb was sequenced. These molecular results imply that the source of infection is the same. As such, the individual outbreaks could be seen as manifestations of the same overall contaminated source. The power of the molecular method became even more clear when in September 2011, 6 months after the supposed end of the outbreaks, typing of viruses from patient samples were used to trace as yet unidentified parts of the contaminated batches which had again been introduced to the Danish market.
The outbreaks led to a collaboration between the Danish and Serbian food authorities with the aim of establishing how the raspberries may have become contaminated and how similar future incidents can be prevented. Further investigation by the Serbian competent authority, the Serbian packer, the Danish branch of the Swedish company that imported the berries and the Danish Veterinary and Food Administration and local Food Control Office in Odense to establish where the raspberry production chain was contaminated were not conclusive. According to the Serbian competent authority, additional samples taken at the freezing and packing establishment tested negative for norovirus.
Mutual visits and consultations between Denmark and Serbia followed and helped to address specific aspects of the production that are particularly vulnerable to contamination. Issues that were addressed involved: providing winter-training programmes to the berry pickers about hygiene (hand hygiene in particular) and the risk of contaminating berries, establishment of increased hygiene procedures at the packing sites, implementing risk-based traceability and, at governmental level, enforcing measures through an independent control authority.
In Denmark, new measures have been implemented as a direct result of these outbreaks. Frozen raspberries are still considered a ready-to-eat product that should be sold free of pathogens. However, the Danish legislation has now been changed, and since 1 October 2012 all food business operators (restaurants, cafés, canteens, etc.) must heat-treat frozen raspberries at 100°C for 1 min before serving. Private persons/households are also advised to follow this procedure and this advice is now printed on the bags of commercial frozen raspberries.
Detection of norovirus in foods remains technically difficult and to date norovirus has only successfully been detected in a limited number of products as part of outbreak investigations; e.g. in oysters [4] , berries [10] , lettuce [5] and drinking water [15] . For the outbreaks described here, norovirus of different types were detected in raspberries from bags related to five of the six initial outbreaks, showing that the berries were contaminated. The only viral product that could be typed, matched the viruses detected in patient samples, showing that the strain causing the outbreak was present in the raspberries. However, norovirus GII was also detected in berries originating from unopened bags related to four of the outbreaks, while GII viruses were not detected in any of the patient samples. We cannot readily explain why several genotypes of viral strains were detected in the raspberries when only one type was found in patient samples, but one possibility is that the GII virus(es) were present in a form that had reduced or no infectivity. The PCR test strictly speaking only provides evidence of the presence of viral RNA, not infectious particles.
Frozen raspberries may constitute a particular risk of transmission of norovirus infection for a number of reasons. Raspberries have a fragile texture, are handled manually and do not undergo rinsing in the process of production (unlike other berries which can be mechanically picked, rinsed, frozen and packaged). Since a practically applicable test for norovirus in berries is not available and since the virus may often not be evenly distributed in a batch and or present in low amounts only, testing of batches will most likely not be instrumental for prevention of outbreaks such as those described here. In outbreaks 5 and 6, the batch involved had already been analysed as part of the importers own check scheme, but norovirus had not been detected. Therefore, the production should be organized so as to minimize the risk of contamination.
To summarize, we have here described a series of outbreaks which collectively caused 242 known cases of norovirus infections of which 32 were laboratory confirmed. One outbreak in particular, outbreak no. 3 at the hospital canteen, was seen as severe as it had the potential to spread to particularly vulnerable patients, and it resulted in discarding large quantities of food [27] . The cases were part of eight independent outbreak incidents, linked together by detailed molecular characterization of viruses from patient material. Virus was also detected directly in the berries and one material from one sample that was typable had the exact same RNA sequence as in the patient samples. Because norovirus outbreaks are often not reported, it is reasonable to expect that the burden of illness was considerably larger that uncovered here, as many more small-sized outbreaks caused by frozen contaminated raspberries could have occurred in Denmark during this period of time.
